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. Wyckoff rat bovine ribonuclease
. , rat 57 iso1ettcine
79 leucine bovine , valine methionine
. , ([15]). , Tsuki-
hara et al. ferredoxin ([14]). ,
. Yanofsky et al. tryptophan synthetase
A protein 174 , 210 , tyrosine cysteine, glycine
gl$\iota\iota tanuine$ ,
. , ——-^




( ) Darwin [$–\ddagger$
([5]).




, , . (Compensatory








(random mating) , .
$\wedge^{-}-\backslash v$ . 1 $A_{1}$
$A4_{2}$ . , 2 $B_{1}$ $B_{2}$
. 2 $c$ . 1
$A_{1}$ $A_{2}$ $u$
. , 2 $B_{1}$ $B\underline{\cdot)}$
$u$ .
$A_{1}B_{1},$ $A_{1}B_{2},$ $A_{2}B_{1},$ $A_{2}B_{2}$ $l\cdot 7/_{11}$ , r12, $|/\dagger_{21}^{-},$ $T/|/^{r_{22}}$. .
, $W_{r_{11}}\overline{|_{1}}|^{\lrcorner_{\wedge}^{\supset}}=1-s_{12},$ $\frac{W}{IV_{11}}=1-.9\underline{\cdot)}1,$ $\frac{l\dagger\cdot\supset\cdot)}{\ddagger V_{11}}=1+s_{22}$ $s_{12}$ ,
$s_{21},$ $s_{22}+s_{12},$ $s_{22}+s_{21}>0$ ( $s_{11}=0$ ). $s_{22}<0,$ $s_{22}=0,$ $s_{22}>0$
, , , .
$\uparrow l$ ,42$B_{\underline{)}},$ $A_{2}B_{1},$ $A_{1}B_{2},$ $A_{1}B_{1}$ $x_{1’ 2’arrow\cdot\lambda_{3’-}^{r}\lambda_{4}’(=}^{(n)(\gamma\not\supset)(n)(|\iota)}-\lambda’$







$=X_{1}^{(n)}+ \frac{\{s_{22}(1--\lambda_{1}^{-(n)})+s_{21\underline{)}}-\lambda^{\vee.(n)}+s_{12-}\lambda_{3’}^{-(?)}\}\lambda_{1}^{-(n)}}{1+s^{(’\iota)}}$ , (1)
$\xi_{2}=\lambda^{-.(n)}\underline{)}+\frac{\{-S_{22arrow\lambda^{\vee(n)}-s\cdot\underline,(1-J}11\lambda_{2^{(n)}}’)\prime}{1+s^{(71)}}$ , (2)
$\xi_{3}=X_{3}^{(?1)}+\frac{\{-S_{2212Iarrow\cdot\lambda_{2}^{arrow.(7l)}-s_{1^{\underline{r}}}\cdot(1-\lambda_{3}^{r(1?)})\}\lambda_{3}^{arrow.(\uparrow\iota)}}-\lambda^{r(n)}+s\wedge}{1+s^{(n)}}$ (3)
. , $s^{(n)}=s_{22}X_{1}^{(n)}-s_{21arrow}\lambda_{2}^{-(n)}-s_{12}\lambda_{3}^{\vee(n)}$ .





. , $\xi_{4}=1-\xi_{1}-\xi_{2}-\xi_{3}$ $A_{1}B_{1}$
.




. , $\zeta_{4}=1-\zeta_{1}-\zeta_{2}-\zeta_{3}$ $A_{1}B_{1}$
.
random salnpling drift $X^{(n)}=(X_{\iota,\prime}^{(n)}arrow\lambda_{2}^{\vee(n)}, \lambda_{3}^{-(n)})$,
$n=0,1,2,$ $\ldots$ 3 ,
$P(X_{1}^{(n+1)}= \frac{\prime i}{2\Lambda^{7}}, \lambda_{2}^{arrow(n+1)}=\frac{j}{2\Lambda ^{f}}, \lambda_{3}^{\prime(n+1)}=\frac{k}{2N} | X_{1}^{(.?)}, \lambda^{r(n)}\underline{)}, \lambda_{3’}^{\prime(\iota)})$
$= \frac{21N!}{i!j!k!(2N-j,-j-k)!}\eta_{1}^{i}|j_{2}77_{3}^{k}\prime l^{\frac{}{4},N-i-j-k}$, (10)
$(0\leq i,j., k, i+j+k\leq 2N)$ . , $\eta_{4}=1-\eta_{\iota}-\uparrow$ }$\underline{)}-7|3$
$A_{1}B_{1}$ . $W^{r_{1}}\cdot ight-$
Fisher model with selection, mutation and recombination ([1],[4]).




$L_{3}= \sum_{j,k=1}^{3}x_{j}(\delta_{jk}-x_{k}.)\frac{\partial-}{\partial x_{j}\partial x_{k}}$
$+ \{[ct_{22}(1-x_{1})+a_{21}x_{2}+\alpha_{12}x_{3}]x_{1}+\theta(x_{2}+x_{3})+\gamma(x_{2}x_{3}-x_{1}x_{4})\}\frac{\partial}{\partial x,1}$
$+ \{[-\alpha_{22}x_{1}-\alpha_{21}(1-x_{2})+\alpha_{12}x_{3}]x_{2}+\theta(x_{4}-x_{2})+\gamma^{}(x_{1}x_{4}-x_{2}x_{3})\}\frac{\partial}{\partial x_{-}}$
$+ \{[-0_{22}^{J}\tau_{1}+\alpha_{21}x_{2}-a_{12}(1-x_{3})]x_{3}+\theta(x_{4}-x_{3})+\gamma(\backslash r_{1}x_{4}-x_{2}x_{3})\}\frac{\partial}{\partial x_{3}}$, (11)
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$x(O)=X^{(0)}=x=(x_{1}, x_{2}, x_{3})$ $\{(p_{1},p_{2},p_{3})|0\leq p_{1}, p_{2}, p_{3}, p_{1}+p_{2}+p_{3}\leq 1\}$
3 $x(t),$ $t\geq 0$ . , $\delta_{ij}=1(i=j).,$ $\delta ij=0(i\neq$ $Ct_{jj}=$
$4Ns_{jj}(i, j=1,2),$ $\theta=4Nn.,$ $\gamma=4Nc,$ $x_{4}=1-.x_{1}-?_{2}-x_{3}$ . ,
$([1],[4],[\overline{/}])$ . , $4N$
.
, , , random sampling drift $A_{2}B_{2}$
. $x(O)=x=(x_{1}, x_{2}, x_{3})$ $A_{2}B_{2}$
$T_{3}(x, a_{3})$ , (Dynkin )
$L_{3}T_{3}(x_{1}, x_{2}, x_{3})+1=0$ (12)
$T_{3}(1,0,0)=0$ (13)
([4],[6],[7]). , (13) (12)
([13]).
2.2 (independent loci model)




. $(\gamma<+\infty)$ , $(1^{\prime(n)}, Z^{(n)})$
. , $\gamma=+\infty$ $(l^{r(n)}, Z^{(n)})$ .
independent loci model $([2],[3],[10],[11])$ . $X_{1}^{t\prime?)}=1^{\prime())}Z^{(n)}$ ,
$\lambda^{\vee.(}\underline{)}^{2l)\wedge}=l^{(\prime\iota)}(1-Z^{(n)}),$ $-1_{3}^{\wedge(n)}=(1-l^{\prime(n)})Z^{(\prime?)},$ $\lambda_{4}^{\vee(7t)}=(1-1^{t\prime\iota)}’)(1-Z^{t\prime\iota)})$ ,
1 $(n)Z^{(n)}$ ,
$f= \iota^{r(t1)}+\frac{\{(s_{22}+s_{21}+s_{12})Z^{(1\iota)}-s_{21}\}1^{\prime(1\iota)}(1-1^{\prime(\prime 1)})}{1+s^{(n)}}$ , (16)
$g=Z^{\langle n)}+ \frac{\{(s_{22}+s_{21}+s_{12})1^{\prime(n)}-s_{12}\}Z^{(n)}(1-Z^{(n)})}{1+s^{(n)}}$ (17)
. , $s^{(\prime l)}=s_{22}l^{\prime(n)}Z^{(n)}-s_{21}l^{\prime(7?)}(1-Z^{(r\iota)})-s_{12}(1-l^{\prime(n)})Z^{\{n)}$ .




. random sampling drift $(l^{-(7?)}, Z^{(\prime 1)}),$ $?=0,1,2,$ $\ldots$ 2
,
$P(1^{r(n+1)}= \frac{i}{2N}, Z^{(n+1)}=\frac{j}{2N} |1^{\prime t’?)}, Z^{(n)})$
$={}_{2N}C_{i}p^{i}(1-p)^{2N-i_{2N}}C_{j}q^{j}(1-q)^{2N-j}$ , (20)
$i,j=0,1,2,$ $\ldots,$ $2N$ .
$|s_{?j}|,$ $u,$ $\frac{1}{N}\ll 1,$ $|Ns_{j};|,$ $Nu<+\infty(i, j=1,2)$ $(1^{r(n)}, Z^{(n)}),$ $n=0,1,2,$ $\ldots$
$L_{2}$
$L_{2}=y(1-y) \frac{\partial^{2}}{\partial y^{2}}+\approx(1-\approx)\frac{\partial^{2}}{\partial\approx 2}$
$+ \{[-\alpha_{21}+(\alpha_{22}+\alpha_{21}+c\iota_{12})\approx]y+\theta\}(1-y)\frac{\partial}{\partial y}$
$+ \{[-(1_{12}’+(\mathfrak{a}_{22}+Ct_{21}+\alpha_{12})y]\approx+\theta\}(1_{\vee}-\sim)\frac{\partial}{\partial\approx}$ , (21)
$(y(O), \approx(0))=(1^{r(0)}, Z^{(0)})=(y, \approx)$ $[0,1]\cross[0,1]$ 2 $(y(t), \approx(t)),$ $t\geq$
$0$ ([2],[3],[10],[11]). $4N$ .





, independent loci model $s_{22}=0(\alpha_{22}=0)$
(compensatory neutral mutation model) ,
Kimura ([8],[9]). ,
Wright-Fisher Inodel
, $independent|1_{o(}\cdot i$ model .
, independent loci model .
, 2
26
. , $2N_{1l}=1$ ,
$(c=0)$ .
$A_{2}B_{2}$ $A_{1}B_{1}$ ,
$A_{2}B_{2}$ $(s_{22}<0)$ , $A_{2}B_{2}$
$\wedge 4_{1}B_{1}$ ( ). $(s_{22}>0)$ $CO\ln_{1)en-}$
satory advantageous mutation nlodel . , ,
. ,
$((12),(13)$ \langle $22$ ),(23) $)$ ([13]) . ,
$\alpha=\alpha_{12}=ct_{21}$ $= \frac{O\cdot u}{o}$ .
3
$A_{1}B_{1}$ $A_{2}B_{2}$
$T_{3}(O, 0,0)$ $T_{2}(0,0)$ $a,$ ($i\lambda_{22}^{-},$ $\theta,$ $\gamma-$ . ,
$T_{3}(0,0,0)$ $T_{2}(0,0)$ ( $4N$ ), $\alpha$ . 1 $\theta=1$ ,
$\alpha_{22}=0$ ( ) $\alpha$ $T_{3}(0,0,0)$
$(\gamma)$ ( , $4Nc$ 1000.0 $\gamma=+\infty$ , $T_{-}(0,0)$ ). 2
\gamma =0( ), $\alpha_{22}=0$ $Ck$ $T_{3}(0,0,0)$ $(\theta)$
. 3 $\gamma=+\infty$ (independent loci model), $\alpha_{22}=0$ $T_{2}(0$ $0)$
. , 4 , $\theta=1,$ $\gamma’=0$ (o, $0,0$ ) $\alpha_{22}$
. 5 $\theta=1,$ $\gamma=+\infty$ $T\underline{\cdot)}(0,0)$ $\alpha_{22}$ .
4
( $1\sim 5$ ) . ,
$(\alpha_{22}=0)$ . 1 $T_{3}(0,0,0),$ $T_{2}(0,0)$ . $\gamma=+\infty$
$\alpha>40$ $T_{2}(0,0)$
([8],[9]). , $\gamma=0$ $T_{3}(0,0,0)$ $\alpha$ ( $A_{1}B_{2},$ $A_{2}B_{1}$ )
, . $A_{1}B_{1},$ $A_{2}B_{2}$
$A_{1}B_{2},$ $A_{2}B_{1}$ , $T_{3}(0,0,0)$ $\gamma$ . 1
$0<\gamma<10$ , $T_{3}(0,0,0)$ $\gamma=0$
. , 2 (
, , 2 )
.
2, 3 , $\gamma=0,$ $\gamma=+\infty$
. $(\theta)$ , $\gamma=0$ $\alpha<40$
, $\theta>1$ $T_{3}(0,0,0)$ . , $\gamma=+\infty$ $\alpha<40$
, $T_{2}(0,0)$ $\theta>5$ .
4, 5 , \gamma =0, \gamma =+\infty a22 .
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Recombination Rate Dependency of $T$ ($4Nu=1$ , Alpha22$=0$)
$T$
1:




Mutation Rate Dependency of $T$ ($4Nc>>1$ , Alpha22$=0$)
$T$
3:




Alpha22 Dependency of $T$ $(4Nc>>1,4Nu=1)$
$T$
5:
cu22 . $\gamma=0$ $= \frac{Q\underline{\cdot\supset}\supset\sim}{\alpha}=.0.1,0.5$ (compensatory
advantageous mutation model) , $T_{3}(0,0,0)$ $k=0$ ( )
. , $f_{n}\cdot=-0.1$ $c\iota$ $k=0$
. ? $A_{2}B_{2}$
. $\gamma=+$ $>0$ (compensatory advantageous mutation model) , $T\underline{)}(0,0)$
$c\iota$ . , 2 $(\gamma=+\infty)$
, $\sim 4_{2}B_{2}$ .
$Ct$ $4_{1}B_{2},$ $A_{2}B_{1}$ , $A_{2}B_{2}$ $a$
. , $1\sim 5$ , $\alpha$
$0$ . ,
. , $I\backslash ^{\vee}inltlra$ ([8],[9])
, $\alpha_{22}\neq 0$ . ,
, $- 4_{2}B_{2}$ ,
.
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ABSTRACT
A Stochastic Model for Evolution by Compensatory Interaction
Massaru Iizuka falnd Ma.sasuke Takefu \ddagger
$T^{De_{P}a1^{\backslash }}tment$ of Mathematics, Kyushu Dental College, Kitakyushu 803, Japan
$\ddagger Inforlnat|ion$ Science Center, Kyushu Institute of Technology, Iizuka 820, Japan
$1Ve$ consider two loci with alleles $A_{1}$ and $A_{2}$ in the first locus, and $B_{1}$ and $B_{2}$ in the second
locus, and assign relative fitness 1, $1-s_{12},1-s_{21}$ and $1+s_{22}$ respectively to the four gene
conlbination $A_{1}B_{1},$ $A_{1}B_{2},$ $A_{2}B_{1},$ $A_{2}B_{2}(s_{12}, s_{21}, s_{22}+s_{12}, s_{22}+s_{21}>0)$ . Let $u$ be the mutation
rate per locus per generation and assume that mutation occurs irreversibly from $A_{1}$ to $A_{2}.at$ the
first locus and from $B_{1}$ to $B_{2}$ at the second locus. Let $c$ be the recombination rate between the
loci per generation. In a diploid population of size $N$ , the average time until fixation of $A_{2}B_{2}$
starting from the state in which the population consists exclusively of $A_{1}B_{1}$ was investigated.
A case of $s_{22}=0$ is the colnpensatory neutral mutation model proposed by Kimura ([8],[9]).
The effects of selective advantage or disadvantage of $A_{2}B_{2}$ , recombination and mutation on the
average time until fixation were discussed.
